ABSTRACT Toxicities of (E)-cinnamaldehyde and (E)-cinnamic acid and their 41 structurally related compounds to adult Dermatophagoides farinae Hughes and Dermatophagoides pteronyssinus Trouessart (Acari: Pyroglyphidae) were examined using fabric-circle contact plus fumigant and vapor-phase mortality bioassays. Results were compared with those of two acaricides, benzyl benzoate and dibutyl phthalate. In contact plus fumigant mortality bioassays, the most toxic compounds were (E)-cinnamaldehyde, methyl (E)-cinnamate, cinnamyl acetate, and hydrocinnamaldehyde against adult D. farinae ). The toxicity of allyl cinnamate versus benzyl benzoate was not signiÞcantly different. Structure-activity relationship indicates that structural characteristics, such as types of functional groups, carbon skeleton, and saturation, appear to play a role in determining the compound toxicities. In vapor-phase mortality bioassays, these compounds were effective against adult D. farinae in closed, but not in open containers, indicating that their mode of delivery was largely a result of vapor action. The active compounds described merit further study as potential house dust mite control fumigants with contact action in light of global efforts to reduce the level of highly toxic synthetic acaricides in indoor environments.
The American house dust mite, Dermatophagoides farinae Hughes, and the European house dust mite, Dermatophagoides pteronyssinus Trouessart, are two of the most important pyroglyphid mites because of their cosmopolitan occurrence and abundance in indoor environments and also because they are known to be causative agents of diseases that impact millions of people worldwide (Pollart et al. 1987 , Arlian 2002 . House dust mites produce a variety of allergens causing allergic symptoms in sensitive humans, such as asthma, atopic dermatitis, conjunctivitis, and perennial rhinitis (Platts-Mills et al. 1992 , Stewart 1995 , Arlian 2002 . Changes in the living environment of humans, such as central heating, space heating, tighter windows, and Þtted carpets, have allowed increased dust mite growth (Pollart et al. 1987) . Control of the mite population has been provided principally by the use of various residual contact acaricides, such as benzyl benzoate, dibutyl phthalate, pirimiphos-methyl, and pyrethroids (Pollart et al. 1987 , WHO 2006 . However, increasing public concern for the environmental effects of pesticides and human health effects (Pollart et al. 1987, Hayes and Laws 1991) becomes more critical on continued or repeated applications of conventional acaricides. Thus, there are still societal needs for the development of selective, eco-friendly house dust mite control alternatives.
A mixture of complex hydrocarbons (usually mono and sesquiterpenoids) and the oxygenated compounds (alcohols, aldehydes, esters, ketones, oxides, and phenols) exists in plant essential oils (Lawless 2002) . They jointly or independently contribute to behavioral efÞcacy, such as repellence and feeding deterrence, and physiological efÞcacy, such as acute toxicity and developmental disruption against various arthropod species , Isman 2006 . In particular, we initially reported that essential oils of cassia, Cinnamomum cassia (Nees) Blume (Lauraceae), and cinnamon, Cinnamomum zeylanicum Blume, and their major constituent (E)-cinnamaldehyde had potent acaricidal activity against adult D. farinae and D. pteronyssinus . Very little information, however, exists in relation to their toxicity to house dust mites for future commercialization of compounds structurally related to (E)-cinnamaldehyde.
The current study was aimed at assessing the potential of (E)-cinnamaldehyde and (E)-cinnamic acid and 41 structurally related compounds for use as future commercial acaricides. The toxicities to adult D. farinae and D. pteronyssinus of the 43 compounds were assessed by fabric-circle contact plus fumigant and vapor-phase mortality bioassays and compared with those of two acaricides, benzyl benzoate and dibutyl phthalate. Also, structure-activity relationship of the test compounds is discussed.
Materials and Methods
Materials. Forty-three compounds examined in this study are listed in Table 1 . Molecular weight (MW) and vapor pressure (VP) values for these compounds were reported previously (Lee et al. 2008) . Values of steric effects as described using molecular refraction (MR) for the compounds were calculated using Advanced Chemistry Development (ACD)/logP DB v8.02 and ACD/Boiling Point and Vapor Pressure v8.02 (ACD/I-Lab, Montreal, Canada). The results of the parameter values were obtained using the ACD/ I-Lab service (Table 1) . Benzyl benzoate (Ն99.0% purity) and dibutyl phthalate (99% purity) were obtained from Sigma-Aldrich (St. Louis, MO). All other chemicals were analytical grade and available commercially.
Dust Mites. The stock cultures of D. farinae and D. pteronyssinus have been separately maintained in different incubators to prevent cross-contamination without exposure to any known acaricide to 1999 (Kim et al. 2007 ). Mites were reared in plastic containers containing 40 g of sterilized diet (fry feed no. 1:dried yeast, 1:1 by weight). Plastic containers were incubated at 25 Ϯ 1ЊC and 70 Ð 80% RH in darkness. The fry feed and dried yeast were purchased from Korea Special Feed Meal (Inchon, South Korea) and Daeheung Pharmaceutical (Seoul, South Korea), respectively.
Contact Plus Fumigant Mortality Bioassay. A fabriccircle contact plus fumigant mortality bioassay (Kim et al. 2007 ) was used to evaluate the toxicity of the 43 test compounds to adult D. farinae and D. pteronyssinus (7Ð10 d old). Based on the preliminary test results, four to six concentrations of the test compounds, each in 20 l of ethanol, were applied to 5-cm-diameter black cotton-fabric circles. After they were dried in a fume hood for 20 s, each fabric circle was placed onto the bottom section of a petri dish (5 cm in diameter ϫ 1 cm). Groups of 25 adult mites were separately placed onto the fabric circles, and each petri dish was then sealed with the original lid and wrapped with paraÞlm. Benzyl benzoate and dibutyl phthalate served as standard references for comparison in contact plus fumigant mortality bioassays. Control fabric circles received 20 l of ethanol.
Treated and control (ethanol only) mites were held at the same conditions as used for colony maintenance. Mortalities were determined 24 h posttreatment under a binocular microscope (ϫ20). Mites were considered to be dead if their bodies and appendages did not move when they were prodded with Þne wooden dowels. All treatments were replicated four times using 25 adults per replicate. Because not all bioassays could be conducted at the same time, treatments were blocked over time with a separate control treatment included in each block. Freshly prepared 
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a Parameter for steric effects as described using molecular refraction. b Compounds purchased from Sigma-Aldrich (St. Louis, MO). c Compounds purchased from Tokyo Chemical Industry (Tokyo, Japan).
solutions were used for each block of bioassays (Robertson and Preisler 1992) .
Vapor-Phase Mortality Bioassay. The closed and open container treatment method (Kim et al. 2007 ) was used to determine whether the lethal activity of 18 selected compounds against adult D. farinae (7Ð10 d old) was attributable to contact toxicity or fumigant action. Groups of 25 adult mites were separately placed onto the bottom section of petri dishes, and each dish was sealed with the original lid that had a Þne wire screen covering a 3-cm-diameter central hole. Approximately 3-to 5-fold amounts of the contact plus fumigant 50% lethal concentration (LC 50 ) values of the test compounds, each in 20 l of ethanol, were applied to 5-cm-diameter black cotton-fabric circles. Each treated fabric circle was placed on top of the wire screen, which prevented direct contact of mites with the test compound. Each petri dish was either sealed with another solid lid (closed container treatment method) to investigate the potential vaporphase toxicity of the test compounds, or sealed with another lid with a 4.8-cm-diameter central hole (open container treatment method). Controls received 20 l of ethanol only. Mortalities were recorded, as stated above. All bioassays were replicated four times using 25 adults per replicate.
Data Analysis. Data were corrected for control mortality using AbbottÕs (1925) (Kim et al. 2007 ).
Results
Contact Plus Fumigant Toxicity of Test Compounds. The toxicity of (E)-cinnamaldehyde and (E)-cinnamic acid and their 41 structurally related compounds and two acaricides, benzyl benzoate and dibutyl phthalate, was evaluated using the fabric-circle contact plus fumigant mortality bioassay to adult D. farinae ( Susceptibility. The susceptibility ratio was recorded in Table 2 . There was no great difference in the toxicity of 24 compounds examined between adult D. farinae and D. pteronyssinus. Similar results were also observed with benzyl benzoate and dibutyl phthalate.
Structure-Activity Relationship. Comparisons were made to determine toxicity differences involving the skeletal structure, saturation, and functional group of the test compounds using the toxicity data obtained (Table 3) . Aldehydes were signiÞcantly more effective than their corresponding acids (e.g., cinnamaldehyde versus cinnamic acid, hydrocinnamaldehyde versus hydrocinnamic acid) and alcohols (cinnamaldehyde versus cinnamyl alcohol, hydrocinnamaldehyde versus hydrocinnamyl alcohol). Alcohols were signiÞcantly more toxic than analogous acids (cinnamyl alcohol versus cinnamic acid, hydrocinnamyl alcohol versus hydrocinnamic acid). Introduction of functional group, such as hydroxyl, methoxy, or methyl, in cinnamaldehyde signiÞcantly reduced the toxicity. Cinnamic acid esters were signiÞcantly more toxic than cinnamic acid as basic structure. Methyl cinnamate was the most toxic compound, followed by allyl, vinyl, ethyl (E)-␣-cyano, ethyl 4-methoxy, benzyl, isopropyl, and ethyl cinnamates. Cinnamyl cinnamate was ineffective. The toxicity of cinnamaldehyde, cinnamyl acetate, and cinnamyl alcohol was signiÞcantly higher than that of their corresponding saturated compounds.
Multiple regression analysis of the contact plus fumigant toxicities of compounds to adult D. farinae and Route of Acaricidal Action. The fumigant toxicity of 18 selected compounds to adult D. farinae was inves- Kim et al. (2003) . Different susceptibility of the two dust mite species to the compounds might be attributable to differences in one or more of physiological or biochemical characteristics: penetration, detoxifying enzyme activity, and the relative sensitivity to the toxic lesion at the target site (Terriere 1984 , Graham-Bryce 1987 . This original Þnding indicates that these compounds may hold promise for the development of novel and effective acaricides against house dust mite populations.
Structure-activity relationships of chemicals in arthropod pests have been well noted. Rice and Coats (1994) and Tsao et al. (1995) studied the potency of monoterpenoids and phenols through derivatization of the hydroxyl group. They reported that enhanced activity of the derivatives appeared to result from increased VP (leading to greater fumigant action) and/or increased lipophilicity (leading to better penetration and bioavailability in the arthropodÕs body). Our current Þndings indicate that structural characteristics, such as types of functional groups, carbon skeleton, and saturation, appear to play a role in determining the compound toxicities to both house dust mite species. Neither MW, steric effect, nor VP parameters were signiÞcantly related to the observed toxicities. Similar results for (E)-cinnamaldehyde and (E)-cinnamic acid and their structurally related compounds were also reported in adult Sitophilus oryzae (L.) (Lee et al. 2008) .
Investigations of modes of delivery of naturallyoccurring acaricides provide important practical information for arthropod control, such as the most appropriate formulations and delivery means to be adapted for their future commercialization , Isman 2006 . Many volatile compounds, such as alcohols, aldehydes, alkanes, and terpenoids, particularly monoterpenoids, primarily act as fumigants with additional contact action . Fumigant toxicity to adult D. farinae and D. pteronyssinus has been reported for atractylenolide III and atractylon (Kim et al. 2007 ) and (E)-cinnamaldehyde and salicylaldehyde ). However, bisabolangelone was found to be largely toxic through contact action (Kang et al. 2006) . According to our vaporphase mortality bioassay, the 18 compounds tested were signiÞcantly more effective against adult D. farinae in closed, but not in open containers. These results indicate that their route of acaricidal action was largely a result of vapor action. We demonstrated that these compounds possess contact action, using the contact plus fumigant mortality bioassay. The dual contact plus fumigant action of the compounds described, as demonstrated through our contact plus fumigant and vapor-phase mortality bioassays, is of practical importance because volatile compounds can easily reach deep harborages in indoor environments, resulting in good control effects. This system has advantages because exposure to volatile compounds can be easily controlled.
In conclusion, (E)-cinnamaldehyde and (E)-cinnamic acid and their structurally related compounds described could be of practical use as fumigants with contact action in the control of house dust mites because certain contact acaricides are unable to reach deep harborages. However, the low levels of toxicity in open-container treatment tests suggest that fumigant activity might be low in an open environment such as a carpet. For practical use of these compounds as novel fumigants to proceed, further research is needed to establish their human safety. In addition, detailed tests are needed to fully understand the modes of action of these compounds, although the octopaminergic and ␥-aminobutyric acid receptors have been suggested as novel target sites for some compounds by Kostyukovsky et al. (2002) and Priestley et al. (2003) , respectively. Because of high volatility of the active compounds, formulations (e.g., aerosol, fumigant, or smoking agents) for improving acaricidal potency and stability also need to be developed.
